With increasing water reuse applications and possible stringent regulations of phosphorus content in secondary and tertiary effluent discharge in Florida, USA, alternative technologies beyond conventional treatment processes require implementation to achieve low phosphorus (P) and nitrogen (N) concentrations. A pilot scale membrane bioreactor (MBR) system, operated in Florida, adopted the University of Cape Town (UCT) biological process for the treatment of domestic wastewater. The system operated for 280 days at a wastewater treatment facility with total hydraulic retention time (HRT) of 7 h and sludge retention time (SRT) of 20 days. Operating conditions were controlled to maintain specific dissolved oxygen (DO) concentrations in the reactors, operate at suitable return activated sludge (RAS) rates and to waste from the appropriate reactor. This process favored biological phosphorus removal and achieved 94.1% removal efficiency. Additionally, chemical oxygen demand (COD) and N removal were achieved at 93.9% and 86.6%, respectively.
INTRODUCTION
Membrane bioreactors (MBRs) are becoming the advanced solution for water reuse as fresh water demands continue to increase and environmental contamination of drinking water sources becomes of greater concern. As stated by the National Research Council (NRC), wastewater reuse is intended to be utilized as a means to recover resources such as nutrients, energy and water (NRC ). In the case that water is being recovered for reuse or solely discharged as treated wastewater, water quality is important.
Depending on the application, stringent effluent limits are specified for the protection of public health and the environment. For such reasons, MBRs are most practical to achieve suitable effluent quality that can be further treated for the additional removal of nutrient and contaminants using advanced technologies such as reverse osmosis technology (Comerton et al. ) . The lack of US federal regulations governing water reuse treatment criteria then places responsibility on local and state agencies to develop such regulations (USEPA ). Water quality discharge limits, specifically nitrogen and phosphorus, established are dependent on the specific application and receiving water body for which effluent is discharged. These regulations are important for the protection of aquatic systems harmed by the effects of nutrient loading which can increase algae growth, develop algal blooms, deplete (USEPA b Phosphorus and nitrogen concentrations as low as 0.05 mg/L as P and 1.27 mg/L as N are to be implemented for secondary or tertiary effluent discharge to estuaries and rivers or lakes (USEPA ).
In general, the current water quality requirements for N and P can be achieved successfully using biological 
).
With the new regulations to be implemented, increasing the potential for P removal prior to coagulant use will directly aid in reducing coagulant dose requirements to achieve the low P limit. Even more so, it can reduce the effluent P sufficiently for further reduction by additional membrane or ion exchange technologies (USEPA b). This study evaluates the feasibility of a UCT biological process combined with membrane technology (MBR) for the efficient removal of both N and P concentrations, more specifically P, without additional chemical requirements.
MATERIALS AND METHODS

MBR pilot system
The pilot system was designed for the operation of the UCT process and consisted of an intake system, fine screen, biological reactors, and a membrane tank along with ancillary equipment as shown in the process flow diagram in Figure 1 . The total volume of the biological reactors was 6.3 m 3 including the anaerobic, anoxic and aerobic reactors while the MBR membrane tank volume was 1.5 m 3 . The system was designed to isolate membrane filtration from the biological process and allow sludge wasting from the membrane tank as opposed to wasting from the aerobic reactor. The intake was screened through 
RESULTS AND DISCUSSION
Biological performance
Evaluation of the pilot results indicated that the modified UCT-MBR process efficiently removed phosphorus beyond previous technological limitations. Complete nitrification was achieved in the system as indicated by the low concentration of ammonia in the effluent. Denitrification, however, was incomplete contributing to N effluent concentrations averaging above 4 mg/L as N. The minimum effluent N and P achieved was 1.23 and 0.001 mg/L, respectively. However, these were not achieved in conjunction with each other. Evaluation of the overall UCT process indicated efficient removal of COD, BOD, nitrogen, phosphorus and ammonia from the wastewater throughout the study and each are shown in Table 2 below.
The MLSS concentration was monitored during the study by means of sampling. Wasting was not conducted initially until the MLSS concentrations increased above 6 g/L in the aerobic reactor. This occurred approximately 30 days after start-up operation. Figure 2 shows the MLSS trend throughout the study. Solids concentration Additionally, operation of the UCT process with 4Q showed even distribution of sludge within the biological system. However, energy consumption lowered feasibility for future application. For this reason, just prior to the first CIP, the internal recirculation rates were lowered to 3Q. accumulating organisms) with denitrification bacteria for available COD and is trended in Figure 6 .
The average N removal did not satisfy the Florida regulation of 3 mg/L as N. Future improvements through increased RAS rates or by increasing the HRT in the anoxic reactor can improve N removal. 
Biological phosphorus removal
Given the results of the study, a general mass balance of phosphorus must be conducted in order to determine the mechanism of phosphorus removal and to confirm biological phosphorus removal by 'luxury uptake' ( Jeyanayagam ) . The phosphorus mass balance can be directly determined based on the complete analysis of the soluble P content within the biological process, as well as the P content within the biomass from the RAS and waste activated sludge (WAS) lines. The boundary layer for phosphorus mass balance was determined and is shown in Figure 8 .
Samples analyzed during the study provide the phosphorus profile of the biological process and are listed in Additionally shown in Table 3 are the nitrogen and sCOD profiles within each biological reactor. This also demonstrates the effect of nitrogen, particularly nitrate, on the phosphorus removal mechanism by biological uptake.
The results demonstrate consistent low nitrate concentration in the anaerobic reactor. This directly contributed to the efficient phosphorus release observed in the anaerobic reactor and reduced competition.
CONCLUSIONS
The UCT-MBR pilot system was evaluated for improvement of the EBPR process as a solution to the upcoming stringent regulations for P content in secondary and tertiary discharge in Florida, USA. The EBPR was enhanced by sustaining optimal conditions favorable for the release and uptake of phosphorus. Important design factors and operating parameters were controlled and were observed to enhance biological performance whilst eliminating biological competition. Phosphorus concentrations in the effluent averaged at 0.3 mg/L as P under appropriate operating conditions. Nitrification was also further enhanced within the MBR system where nitrogen removal achieved average effluent concentrations of 5 mg/L as N.
The results of this study provided information relevant for parallel assessment of both the UCT process and MBR membrane performance. The process configuration maintained optimal DO and recirculation rate conditions supporting phosphorus luxury uptake and biological nitrogen removal. These key operating parameters enhanced EBPR without the use of coagulants or precipitation mechanisms. Therefore, enhanced biological phosphorus removal with MBR process application is feasible and is dependent on the appropriate biological process utilized and importantly, the operating conditions of the biological process.
